Bradykinin has long been known to excite sympathetic neurons via B 2 receptors, and this action is believed to be mediated by an inhibition of M-currents via phospholipase C and inositol trisphosphate-dependent increases in intracellular Ca 2ϩ . In primary cultures of rat superior cervical ganglion neurons, bradykinin caused an accumulation of inositol trisphosphate, an inhibition of M-currents, and a stimulation of action potential-mediated transmitter release. Blockade of inositol trisphosphate-dependent signaling cascades failed to affect the bradykinin-induced release of noradrenaline, but prevented the peptide-induced inhibition of M-currents. In contrast, inhibition or downregulation of protein kinase C reduced the stimulation of transmitter release, but not the inhibition of M-currents, by bradykinin. In cultures of superior cervical ganglia, classical (␣, ␤I, ␤II), novel (␦, ⑀), and atypical () protein kinase C isozymes were detected by immunoblotting. Bradykinin induced a translocation of Ca 2ϩ -independent protein kinase C isoforms (␦ and ⑀) from the cytosol to the membrane of the neurons, but left the cellular distribution of other isoforms unchanged. This activation of Ca 2ϩ -independent protein kinase C enzymes was prevented by a phospholipase C inhibitor. The bradykinin-dependent stimulation of noradrenaline release was reduced by inhibitors of classical and novel protein kinase C isozymes, but not by an inhibitor selective for Ca 2ϩ -dependent isoforms. These results demonstrate that bradykinin B 2 receptors are linked to phospholipase C to simultaneously activate two signaling pathways: one mediates an inositol trisphosphate-and Ca 2ϩ -dependent inhibition of M-currents, the other one leads to an excitation of sympathetic neurons independently of changes in M-currents through an activation of Ca 2ϩ -insensitive protein kinase C.
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Bradykinin is formed through the actions of kallikreins from plasma kininogens in response to various noxious stimuli. The nonapeptide acts as a potent mediator of inflammation and pain through its effects on peripheral sensory neurons. On one hand, the stimulation of nociceptive nerve terminals elicits the painful sensation, on the other hand, bradykinin induces the release of neuropeptides that then contribute to the inflammatory response (Bhoola et al., 1992) . Nevertheless, the sympathetic nervous system may also contribute to these actions because bradykinininduced hyperalgesia (Levine et al., 1986) and plasma extravasation (Miao et al., 1996) are abolished after sympathectomy. In addition, the sympathetic nervous system may also be involved in both the protective as well as the noxious effects that bradykinin has been suggested to exert within the cardiovascular system (Dell'Italia and Oparil, 1999) .
Almost 40 years ago, bradykinin was found to cause sympathoexcitation attributable to its depolarizing action on sympathetic ganglia (Lewis and Reit, 1965; Trendelenburg, 1966) . For three decades, the mechanisms underlying this effect remained unknown, but then Jones et al. (1995) demonstrated that the peptide depolarized superior cervical ganglion (SCG) neurons of the rat through an inhibition of M-type K ϩ (K M ) channels. These ion channels are opened in the subthreshold voltage range for action potentials and become completely activated when neurons are further depolarized. Hence, activated K M channels keep neurons polarized, and closure of these ion channels causes depolarization and increased action potential discharge (Brown, 1983; Marrion, 1997) . Recently, the signaling cascade mediating the inhibition of K M channels by bradykinin has also been elucidated: B 2 bradykinin receptors are linked to G-proteins of the G q family, most likely G 11 , and it is the ␣ subunits that mediate the closure of K M channels (Jones et al., 1995; Haley et al., 1998 Haley et al., , 2000a . Via these G-proteins, phospholipase C-␤4 is stimulated (Haley et al., 2000b) to mediate the synthesis of inositol trisphosphate (IP 3 ), which then causes liberation of Ca 2ϩ from intracellular stores (Cruzblanca et al., 1998) . Finally, cytosolic Ca 2ϩ concentrations in the submicromolar to low micromolar range directly block K M channels (Selyanko and Brown, 1996) .
Apart from inhibiting K M channels, bradykinin was shown to either enhance (Cox et al., 2000) or reduce (Starke et al., 1977) sympathetic transmitter release via presynaptic sites of action, depending on the species and tissues investigated. In primary cultures of rat SCG neurons, activation of B 2 bradykinin receptors causes action potential-dependent transmitter release (Boehm and Huck, 1997) . This effect is selectively potentiated by K M channel blockers, but not by blockers of other types of K ϩ channels. In addition, K M channel blockers were found to stimulate transmitter release from sympathetic neurons in the absence of any other secretagogue stimulus (Kristufek et al., 1999) . Therefore, it appeared obvious to assume that peptide-induced noradrenaline release was also mediated by the signaling cascade that finally leads to K M channel blockade. However, the present results demonstrate that bradykinin also uses another signaling cascade to excite sympathetic neurons, which includes Ca 2ϩ -independent protein kinase C (PKC), but bypasses K M channels.
MATERIALS AND METHODS
Primar y cultures of rat superior cervical ganglion neurons. Primary cultures of dissociated SCG neurons from neonatal rats were prepared as described before (Boehm, 1999) . Briefly, ganglia were dissected from 2-to 6-d-old Sprague Dawley rat pups, cut into three or four pieces and incubated in collagenase (1.5 mg /ml; catalog #9891; Sigma, Vienna, Austria) and dispase (3.0 mg /ml; catalog #165859; Boehringer Mannheim, Mannheim, Germany) for 20 min at 36°C. Subsequently, the ganglia were trypsinized (0.25% trypsin; catalog #3703; Worthington, Freehold, NJ) for 15 min at 36°C, dissociated by trituration, and resuspended in DM EM (catalog #041-01885M; Invitrogen, Gaithersburg, MD) containing 2.2 gm / l glucose, 10 mg / l insulin, 25000 I U/ l penicillin, and 25 mg / l streptomycin (catalog #043-05140D; Invitrogen), 10 g/l nerve growth factor (catalog #0436050; Invitrogen), and 5% fetal calf serum (catalog #011-0620H; Invitrogen). Thereafter, the cells were plated onto 5 mm discs for superf usion experiments and onto 35 mm culture dishes (catalog #153066; Nunc, Naperville, IL) for electrophysiological experiments, both coated with rat tail collagen (Biomedical Technologies, Stoughton, M A). For the determination of cellular inositol phosphates, cells were plated onto 24 multiwell plates (Nunc; 200,000 cells per well) coated with poly-D-lysine (Sigma). All cultures were kept in a humidified 5% C O 2 atmosphere at 36°C for 4 -8 d. On day 1 after plating, the medium was completely exchanged, and after 4 -5 d, the medium was exchanged again, and the serum was omitted.
Measurement of inositol trisphosphate. Measurement of inositol polyphosphate formation in SCG cultures was determined as described before (Bofill-C ardona et al., 2000) . Cultures were prelabeled with 7 C i /ml of myo-[1,2-3 H]inositol for 24 hr. Thirty minutes before the stimulation with bradykinin, the cells were incubated in PBS (137 mM NaC l, 2.7 mM KC l, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.4) containing 0.2% bovine serum albumin and 10 mM LiC l. Thereafter, the cells were stimulated with 1 M bradykinin in PBS containing 10 mM LiC l for 1 min, and the incubations were terminated by replacing the buffer by 0.4 ml of 5% trichloroacetic acid. E xtracts were collected, and the trichloroacetic acid was removed by washing two times with four volumes of water-saturated diethyl ether. After neutralization with 20 mM Tris base, samples were placed on Dowex AG 1ϫ8 columns, and fractions containing inositol, inositol monophosphate, inositol diphosphates, and inositol trisphosphates, respectively, were sequentially eluted as described (Bofill-C ardona et al., 2000) and probed for their radioactive contents by liquid scintillation counting (Packard Tri-C arb 2100 TR). The radioactivity in the inositol trisphosphate fraction was expressed as percentage of the radioactivity in the inositol fraction.
Electrophysiolog y. E xperiments were performed at room temperature (20 -24°C) on the somata of single SCG neurons using the perforatedpatch modification of the patch-clamp technique (Rae et al., 1991) , which prevents rundown of I M (Boehm, 1998) . Patch pipettes were pulled (Flaming-Brown puller; Sutter Instruments, Novato, CA) from borosilicate glass capillaries (Science Products, Frankf urt / Main, Germany) and front-filled with a solution consisting of (in mM): K 2 SO 4 (75), KC l (55), MgC l 2 (8), and H EPES (10), adjusted to pH 7.3 with KOH. Then, electrodes were back-filled with the same solution containing 200 g /ml amphotericin B (in 0.8% DMSO), which yielded tip resistances of 1-3 M⍀. The bathing solution contained (in mM): NaC l (140), KC l (6.0), CaCl 2 (2.0), MgC l 2 (2.0), glucose (20), and H EPES (10), adjusted to pH 7.4 with NaOH. Tetrodotoxin (TTX; 0.5 M) was included to suppress voltage-activated Na ϩ currents. Bradykinin, thapsigargin, and protein kinase C activators or inhibitors were applied via a DAD-12 drug application device (Adams & List, Westbury, N Y), which permits a complete exchange of solutions surrounding the cells under investigation within Ͻ100 msec (Boehm, 1999) . I M relaxations were evoked once every 20 sec by 1 sec hyperpolarizing voltage steps from Ϫ30 to Ϫ55 mV; the difference between current amplitudes 20 msec after the onset of hyperpolarizations and 20 msec before re-depolarization was taken as a measure for I M . Amplitudes obtained during the application of test drugs (b) were compared with those measured before (a) and after (c) application of these drugs by calculating 200b/(a ϩ c) ϭ % of control or 100 (Boehm, 1998 ]noradrenaline uptake and superf usion were performed as described (Boehm, 1999) . Culture discs with dissociated neurons were incubated in 0.05 M [
3 H]noradrenaline (specific activity, 52.0 C i /mmol) in culture medium supplemented with 1 mM ascorbic acid at 36°C for 1 hr. After labeling, culture discs were transferred to small chambers and superf used with a buffer containing (in mM): NaC l (120), KC l (6.0), C aC l 2 (2.0), MgC l 2 (2.0), glucose (20), H EPES (10), f umaric acid (0.5), Na-pyruvate (5.0), ascorbic acid (0.57), and desipramine (0.001), adjusted to pH 7.4 with NaOH. Superf usion was performed at 25°C at a rate of ϳ1.0 ml /min. Collection of 4 min superf usate fractions was started after a 60 min washout period to remove excess radioactivity.
To investigate the mechanisms of bradykinin-evoked noradrenaline release, [ 3 H] overflow was induced by the inclusion of the peptide in the superf usion buffer for 2 min, unless indicated otherwise. C ell-permeable phorbol esters, in contrast, were included for periods of 12 min to stimulate [
3 H] overflow. Modulatory agents, such as U73122, U73343, thapsigargin, or diverse protein kinase C inhibitors were added to the buffer after 50 min of superf usion (i.e., 10 min before the start of sample collection). The buffer then remained unchanged until the end of experiments. To control for unspecific effects of these modulatory agents, tritium overflow was also elicited by the application of 36 monophasic rectangular electrical pulses (0.5 msec, 50 mA, 50 V/cm) at 0.3 Hz. At the end of experiments, the radioactivity remaining in the cells was extracted by immersion of the discs in 2% (v/ v) perchloric acid followed by sonication. Radioactivity in extracts and collected fractions was determined by liquid scintillation counting (Packard Tri-C arb 2100 TR). Radioactivity released in response to electrical field stimulation from rat sympathetic neurons after labeling with tritiated noradrenaline under conditions similar to those of the present study had previously been shown to consist predominantly of the authentic transmitter and to contain only small amounts (Յ15%) of metabolites (Schwartz and Malik, 1993) . Hence, the outflow of tritium measured in this study was assumed to reflect the release of noradrenaline and not that of metabolites.
The spontaneous (unstimulated) rate of [ 3 H] outflow was obtained by expressing the radioactivity of a collected fraction as percentage of the total radioactivity in the cultures at the beginning of the corresponding collection period. Stimulation-evoked tritium overflow was calculated as the difference between the total [ 3 H] outflow during and after stimulation and the estimated basal outflow that was assumed to decline linearly throughout experiments. Therefore, basal outflow during periods of stimulation was assumed to equate the arithmetic mean of the samples preceding and those after stimulation, respectively. The difference between the total and the estimated basal outflow was expressed as a percentage of the total radioactivity in the cultures at the beginning of the respective stimulation (% of total radioactivity). The amount of bradykinin-evoked tritium release varies considerably between different preparations of rat SCG. Therefore, tritium overflow in the presence of release modulating agents, such as thapsigargin or PKC inhibitors, was always compared with that obtained within the same SCG preparation in the absence of these drugs. To directly compare effects of different modulatory agents on bradykinin-evoked overflow as determined in different preparations, the values obtained in the presence of these modulators were expressed as percentage of the corresponding control values within the same preparation.
Immunoblotting. After 7 d in culture, SCG cells were washed once with ice-cold PBS, and then 100 l boiling Laemmli sample buffer were added. Before this, the cells were incubated in 1 M 4-␣-phorbol, phorbol-12-myristate-13-acetate (PM A) in culture medium for the indicated periods of time, when appropriate. As control tissue, whole brains or hearts were dissected from 3-to 6-d-old rats, cut into small pieces, frozen with liquid nitrogen, and homogenized in lysis buffer (20 mM Tris-HC l, 0.5 mM EGTA, 2 mM EDTA, 2 mM dithiotreitol, 0.5 mM p-methylsulfonyl fluoride, 10 g /ml leupeptin, pH 7.5). These rat brain and heart preparations were diluted in Laemmli sample buffer to yield a concentration of ϳ1 g/l protein. Approximately equal amounts (as determined by staining with Ponceau S) of SCG cell lysate and rat brain or heart lysate were separated by electrophoresis through SDS polyacrylamide minigels, transferred to nitrocellulose, and tested for different PKC isoforms with the following antibodies (Santa Cruz Biotechnology, Santa Cruz, CA): -20) , and anti-PKC (A-20). For visualization, horseradish peroxidase-linked anti-mouse (1:10,000), anti-rabbit (1:20,000; both from Amersham Biosciences, Freiburg, Germany), and anti-goat (1:30,000) IgGs (Santa Cruz Biotechnology) as well as the SuperSignal reagent (Pierce, Rockford, IL) were used.
Immunoc ytochemistr y. Our routine methods of immunocytochemical staining of SCG neurons have been described before (Boehm, 1999) .
Cultures were washed with PBS, exposed to different stimuli (1 M bradykinin for 30 sec or 0.1 M PM A for 10 min), and immediately fixed with 4% paraformaldehyde in PBS for 20 min. After permeabilization with 0.1% Triton X-100 (in PBS for 5 min) and incubation in PBS containing 2% bovine serum albumin and 5% horse serum, cultures were stained first with PKC isoform-specific primary antibodies (as above; dilution 1:200) and then with C Y3-conjugated secondary antibodies (dilution 1:1000). Images of the immunostained SCG neurons were obtained using a confocal laser-scanning microscope (L SM 410; Z eiss, Oberkochen, Germany) and stored digitally. C ells incubated only in secondary antibodies were used as controls for the specificity of immunoreactivity.
Statistics. Results are presented as arithmetic means Ϯ SEM; n ϭ number of cultures in inositol phosphate assays and release experiments, and of single cells in electrophysiological experiments. Significances of differences between data points were evaluated by the nonparametric Mann -Whitney U test.
Materials. (Ϫ)- [7, H]Noradrenaline was obtained from Amersham Biosciences; amphotericin B, bradykinin, thapsigargin, and desipramine from Sigma; PM A, GF 109203X, staurosporine, as well as GÖ 7874, GÖ 6983, and GÖ 6976 from C albiochem (Bad Soden, Germany); U73122 and U73343 from Research Biochemicals (Natick, M A); bulk chemicals were from Merck (Vienna, Austria). Water-insoluble drugs were first dissolved in DMSO and then diluted into buffer to yield final DMSO concentrations of up to 0.1%, which were also included in control solutions. At these concentrations, DMSO did not affect any of the parameters investigated.
RESULTS

Bradykinin causes accumulation of inositol trisphosphate, inhibition of I M , and stimulation of noradrenaline release
Previously, three major types of excitatory cellular responses have been observed with bradykinin in rat SCG neurons: (1) accumulation of IP 3 (del Rio et al., 1999) accompanied by increases in intracellular Ca 2ϩ (Cruzblanca et al., 1998) , (2) inhibition of K M channels (Jones et al., 1995) , and (3) induction of transmitter release (Boehm and Huck, 1997) . To corroborate these results, SCG cultures were first labeled with [ 3 H]myoinositol and then stimulated with 1 M bradykinin for 1 min. This led to a threefold increase in the accumulation of radioactivity within the fraction of IP 3 . When phospholipase C was blocked by U73122 (1 M), this bradykinin-dependent accumulation of IP 3 was reduced (Fig.  1 A) . Second, SCG neurons were patch-clamped at a membrane potential of -30 mV to activate I M , and 1 sec hyperpolarizations to Ϫ55 mV were applied to cause I M deactivation. Outward currents as well as I M deactivation were greatly reduced in the presence of 1 M bradykinin (Fig. 1 B) . Third, SCG cultures were labeled with [
3 H]noradrenaline, superfused with a physiological salt solution, and exposed to 1 M bradykinin for 10 min. During these 10 min, there was a transient increase in the rate of tritium outflow (Fig. 1C) .
The observation of these three effects in parallel led us to investigate whether they also are causally interrelated. Because the accumulation of IP 3 was virtually abolished by the phospholipase C inhibitor U73122, we tested the effects of this drug on the inhibition of I M and on the stimulation of noradrenaline release. In neurons treated with 1 M U73122 for 15 min, the concomitant application of 1 M bradykinin reduced I M by 0.15 Ϯ 1.8% (n ϭ 4). In neurons treated with the inactive analog U73343, however, the peptide caused a 54.7 Ϯ 10.9% inhibition of I M (n ϭ 4; p Ͻ 0.05). These results corroborate that the inhibition of I M by bradykinin involves phospholipase C (Cruzblanca et al., 1998; Haley et al., 2000b) . However, it was not possible to determine whether phospholipase C was also involved in the stimulation of noradrenaline release, because both U73122 and U73343 caused a marked increase in the spontaneous outflow of radioactivity and thereby occluded the subsequent induction of tritium overflow by either electrical fields or bradykinin (data not shown).
Blockade of IP 3 receptors and depletion of Ca
2؉
stores does not affect bradykinin-induced noradrenaline release IP 3 triggers increases in intracellular Ca 2ϩ by activation of IP 3 receptors on the endoplasmic reticulum, which permit efflux of Ca 2ϩ into the cytosol (Wilcox et al., 1998) . Accordingly, IP 3 -dependent responses in SCG neurons can be blocked by IP 3 receptor antagonists, such as heparin (Cruzblanca et al., 1998) and xestospongin C (Bofill-Cardona et al., 2000) . The cellpermeable IP 3 antagonist xestospongin C has been reported to efficiently prevent bradykinin-evoked increases in intracellular Ca 2ϩ in PC12 cells when these had been treated with the blocker for 30 min (Gafni et al., 1997) . However, bradykinin-induced release of [ 3 H]noradrenaline from SCG cells that had been incubated in 10 M xestospongin C for 1 hr, followed by a 1 hr washout period, was not significantly different from the peptide-induced release of the radiotracer from cells that had been treated with vehicle (0.1% DMSO) only (Fig. 2 A, C) . Likewise, electrically evoked tritium overflow was not different whether cells had been Figure 1 . Effects of bradykinin in rat SCG neurons. A, Generation of IP 3 in response to 1 M bradykinin applied for 60 sec in either the presence or absence of 1 M of the phospholipase C inhibitor U73122. Radioactivity in the IP 3 fraction was calculated as percentage of the radioactivity in the fraction of inositol, and the values obtained in the presence of bradykinin are expressed as percentage of the values obtained in its absence. **p Ͻ 0.01 between the effects of bradykinin in the absence and presence of U73122; n ϭ 7-11. B, I M was measured by the amphotericin B-perforated patch technique in a SCG neuron, and the current traces shown were obtained by clamping the cell at Ϫ30 mV and by applying 1 sec hyperpolarizing voltage steps to Ϫ55 mV; the recordings were performed before (control ), during (bradykinin), and after (washout) the application of 1 M bradykinin. C, Primary cultures of SCG were labeled with [
3 H]noradrenaline and superfused. Subsequent to a 60 min washout period, 2 min fractions of superfusate were collected, and 1 M bradykinin was present for 10 min, as indicated by the bar. The graph shows the time course of fractional [
3 H] outflow calculated as percentage of the total radioactivity in the cells; n ϭ 6. treated with xestospongin C or DMSO (data not shown). To find out whether this xestospongin C treatment was, in principle, capable of interfering with the bradykinin-dependent signaling cascade in SCG neurons, the cultures were incubated in this agent or in DMSO again, and subsequently the effect of bradykinin on I M was tested (Fig. 2 B, C) . In xestospongin C-treated cells, bradykinin failed to cause a significant inhibition of I M (1.8 Ϯ 2.4% inhibition; n ϭ 6), whereas in DMSO-treated cells, this inhibition amounted to 38.8 Ϯ 10.7% (n ϭ 7). For comparison, the muscarinic agonist oxotremorine M (10 M) reduced I M in xestospongin C-treated cells by 60.2 Ϯ 10.0% (n ϭ 7) and in DMSO-treated cells by 56.2 Ϯ 10.0% (n ϭ 6; p Ͼ 0.7). Thus, the blockade of IP 3 receptors impeded only the inhibition of I M , but not the stimulation of transmitter release, by bradykinin.
This result was corroborated by using thapsigargin, a Ca 2ϩ -ATPase inhibitor that depletes the Ca 2ϩ stores of SCG neurons (Foucart et al., 1995) . In accordance with previous results (Cruzblanca et al., 1998) , this drug significantly reduced the inhibitory action of bradykinin on I M . Nevertheless, bradykinin-induced noradrenaline release was not affected by the Ca 2ϩ -ATPase inhibitor (Fig. 2C) . Taken together, an IP 3 -dependent liberation of Ca 2ϩ from intracellular stores is involved in the inhibition of I M , but not in the stimulation of transmitter release.
Bradykinin-induced noradrenaline release is attenuated by PKC inhibitors
The signaling pathway of phospholipase C is bifurcated, because the enzyme catalyzes not only the synthesis of IP 3 , but also that of diacylglycerol, which then activates PKC (Exton, 1996) . We therefore tested whether the kinase inhibitor staurosporine might interfere with the effects of bradykinin. In the presence of 0.3 M staurosporine, bradykinin-induced noradrenaline release was reduced by Ͼ50% (Fig. 3 A, C) . This effect of the kinase inhibitor was specific for the stimulation by the peptide, because electrically evoked tritium overflow was not different in the presence (4.3 Ϯ 0.6% of total radioactivity; n ϭ 12) and absence of this drug (4.5 Ϯ 0.5% of total radioactivity; n ϭ 12), respectively. The inhibition of I M by bradykinin was not altered by 1 M staurosporine (Fig. 3 B, C) , and the same was true for its inhibition by oxotremorine M (data not shown).
The inhibitory effect of staurosporine is not selective for PKC, but may also affect other enzymes, such as protein kinase A and some tyrosine kinases (Ruegg and Burgess, 1989) . To corroborate that a PKC enzyme was involved in the secretagogue action of bradykinin, the above experiments were repeated with the specific PKC inhibitor GF 109203 X (0.3 M) (Toullec et al., 1991) . This drug also reduced the stimulation of tritium overflow by bradykinin, but left the inhibition of I M unaffected (Fig. 3C) .
Activation of PKC by phorbol esters stimulates noradrenaline release
Considering that PKC appeared to mediate the release stimulating action of bradykinin, we tested whether the application of phorbol esters was also able to induce tritium overflow. As shown in Figure 4 A, 0.1 M PMA caused a marked increase in tritium outflow, and this stimulatory action of the phorbol ester was reduced in the presence of staurosporine. The secretagogue action of PMA displayed a bell-shaped concentration-response curve, with maximal effects at 0.1 M (Fig. 4 B) . Because phorbol esters and diacylglycerol analogues act on a large number of targets apart from PKC, such as neuronal Ca 2ϩ channels (Hockberger et al., 1989) and transient receptor potential channels 3 H]noradrenaline in culture medium containing either 10 M xestospongin C or the appropriate solvent (0.1% DMSO). Thereafter, the cells were superfused, and subsequent to a 60 min washout period 4 min fractions of superfusate were collected. A 1 M concentration of bradykinin was present for 2 min as indicated by the bar. The graph shows the time course of fractional [ 3 H] outflow calculated as percentage of the total radioactivity (% of TA) in the cells; n ϭ 6. B, Cultures were treated with 10 M xestospongin C or with the appropriate vehicle (0.1% DMSO) for 60 min, followed by a 60 min incubation in regular medium. Thereafter, I M was activated by clamping neurons at Ϫ30 mV and deactivated by applying one second hyperpolarizing voltage steps to Ϫ55 mV. The traces shown were obtained before (control ), during (bradykinin), and after (washout) the application of 1 M bradykinin. C summarizes the effects of 10 M xestospongin C or 0.3 M thapsigargin on bradykinin-induced tritium overflow (left) and inhibition of I M (right). Xestospongin was applied as described above. In superfusion experiments, thapsigargin was present from min 50 onward, and in electrophysiological experiments bradykinin was first tested in the absence of thapsigargin and then reapplied to the same cell in the continuing presence of thapsigargin and subsequent to a 15 min treatment with the Ca 2ϩ -ATPase inhibitor. Results obtained in the presence of thapsigargin are compared with those obtained in its absence. p values for significances of differences between the results obtained with or without xestospongin and thapsigargin, respectively, are indicated above the bars; n ϭ 9 -12 for tritium overflow and 4 -7 for the inhibition of I M , respectively. (Hofmann et al., 1999) , we did not further investigate the reasons for this type of concentration dependence and used only 0.1 M PMA in subsequent superfusion experiments. The stimulation of noradrenaline release by this PMA concentration was signifi- ] outflow calculated as percentage of the total radioactivity (% of TA) in the cells; n ϭ 6. B, I M was activated by clamping a neuron at Ϫ30 mV and deactivated by applying 1 sec hyperpolarizing voltage steps to Ϫ55 mV. The top traces were obtained before (control ), during (bradyk inin), and after (washout) the application of 1 M bradykinin. Then, the neuron was superf used with 1 M staurosporine for 10 min. Thereafter, bradykinin was tested again in the continuing presence of staurosporine, and the bottom traces were obtained before (control ), during (bradyk inin), and after (washout) the application of the peptide. C summarizes the effects of 0.3 M staurosporine or 0.3 M GF 109203X on bradykinininduced tritium overflow (lef t) and inhibition of I M (right). Both staurosporine and GF 109203X were applied as described above. Results obtained in the presence of these protein kinase C inhibitors are compared with those obtained in their absence. p values for significances of differences between the results obtained with or without staurosporine and GF 109203X, respectively, are indicated above the bars; n ϭ 12 for tritium overflow and 4 -5 for the inhibition of I M , respectively. cantly attenuated by the specific PKC inhibitor GF 109203X (Fig. 4 D) .
As indicated above, the inhibition of I M by bradykinin was mediated by an IP 3 -dependent signaling cascade. To find out whether PKC might also be involved in this effect, PMA was applied in electrophysiological experiments, but it failed to alter I M . For comparison, the muscarinic agonist oxotremorine M (10 M) clearly reduced the I M deactivation amplitudes (Fig. 4C,D) .
PKC isoforms expressed in SCG neurons and their phorbol ester sensitivity
At least 11 different isoforms of PKC have been identified; these were named by Greek letters and categorized into three groups: classical (␣, ␤I, ␤II, ␥), novel (␦, ⑀, , ), and atypical (, /) PKCs. In addition, there is the distantly related phorbol estersensitive PKC, which has been named PKD. Classical isoforms are Ca 2ϩ -and phorbol ester-sensitive, novel ones are Ca 2ϩ -insensitive but phorbol ester-sensitive, and atypical ones are Ca 2ϩ -and phorbol ester-insensitive (Way et al., 2000; Nishizuka, 2001) . In sympathetic neurons of chick embryos, we detected previously phorbol ester-sensitive and -insensitive PKCs (Boehm et al., 1996) . Similarly, in primary cultures of rat SCG, immunoblots with isoform-specific antibodies revealed the presence of PKC ␣, ␤I, ␤II, ␦, ⑀, and , but not of PKC ␥ or (Fig. 5A) . Nevertheless, the antibody directed against PKC ␥ detected an appropriate protein in the neonatal rat brain (Fig. 5A ). In contrast, the PKC -specific antibody failed to stain proteins of rat brain and SCG, but detected a band of ϳ90 kDa when tested on blots of proteins from rat hearts (data not shown). As previously shown for sympathetic neurons of chicken (Boehm et al., 1996) , antibodies against PKCs ⑀ and detected two bands of ϳ90 -100 kDa, whereas the other PKC isoforms appeared to migrate as single bands only (Fig. 5A) .
As stated above, PKC isoforms can be classified by their phorbol ester-sensitivity (Way et al., 2000; Nishizuka, 2001) . Phorbol ester-sensitive PKCs of sympathetic neurons are not only activated by these tumor promoters, but also become downregulated during prolonged exposure (Boehm et al., 1996) . To determine whether the secretagogue action of bradykinin involved phorbol ester-sensitive or -insensitive PKC isoforms, SCG cultures were treated with 1 M PMA for up to 24 hr. This treatment reduced the levels of typical, as exemplified by PKC ␣, and novel PKCs, as exemplified by PKC ␦ and ⑀, but left the atypical PKC almost unaltered (Fig. 5B ). When SCG cultures had been treated with 1 M PMA for 24 hr, bradykinin (1 M) triggered the release of 0.15 Ϯ 0.02% of total radioactivity (Fig. 5C) . In cultures treated with inactive 4-␣ phorbol, however, bradykinin-induced overflow amounted to 1.94 Ϯ 0.12% of total radioactivity (n ϭ 6; p Ͻ 0.01). In contrast, electrically evoked release of tritium was not different in cultures treated with either PMA or 4-␣ phorbol (data not shown). Hence, bradykinin apparently triggers transmitter release through an activation of phorbol ester-sensitive PKCs.
Bradykinin activates Ca 2؉ -independent PKC isoforms
The phorbol ester-sensitive PKCs comprise Ca 2ϩ -dependent classical (␣, ␤I, ␤II, ␥) as well as Ca 2ϩ -independent novel (␦, ⑀, , ) isoforms (Way et al., 2000; Nishizuka, 2001) . To elucidate which PKCs might become activated by bradykinin, we studied the cellular distribution of several PKCs in SCG neurons, because activation of PKCs in sympathetic (Boehm et al., 1996) and sensory (Cesare et al., 1999) neurons is accompanied by a translocation of the enzyme from the cytosol to the plasma membrane.
In accordance with this, PMA (0.1 M for 10 min) caused redistribution of all classical (␣, ␤⌱, and ␤⌱⌱,) and novel (␦ and ⑀) PKCs into the membrane, as exemplified by the staining pattern of antibodies directed against the PKC isoforms ␣ and ⑀ (Fig. 6 A) . The distribution of the atypical PKC , however, was not affected by PMA (Fig. 6 A) . Bradykinin (1 M for 30 sec), in contrast, induced a translocation of PKCs ␦ and ⑀ (Fig. 5 A, B) from the cytosol into the membrane, but left the distribution of all other PKC isoforms virtually unaltered (Fig. 5B) . This indicates that bradykinin activates only Ca 2ϩ -independent PKCs. The inhibition of I M by bradykinin was found to be mediated by phospholipase C, as indicated by the action of the specific inhibitor U73122, which abolished this bradykinin effect (see above and Cruzblanca et al., 1998) . To reveal whether the activation of PKCs by bradykinin was also mediated by phospholipase C, SCG cultures were incubated in either U 73122 or the inactive analog U73343 (both at 10 M for 10 min) and then stimulated with the peptide (1 M bradykinin for 30 sec) . The subsequent investigation of the cellular distribution of PKC ⑀ revealed that the active phospholipase C inhibitor prevented the bradykinin-induced translocation of the enzyme, whereas the inactive analog failed to do so (Fig. 6C,D) . Thus, the activation of Ca 2ϩ -independent PKCs by bradykinin involves phospholipase C.
Bradykinin-induced noradrenaline release is attenuated by inhibitors of Ca
2؉ -independent, but not of Ca 2؉ -dependent, PKC isoforms Several PKC inhibitors have been synthesized that can be used to differentiate between various subtypes of PKC on a functional level (Way et al., 2000) . We used GÖ 6976, GÖ 6983, and GÖ 7874 to find out whether it was Ca 2ϩ -independent PKC subtypes that were involved in the secretagogue actions of bradykinin. GÖ 6976 inhibits only Ca 2ϩ -dependent PKC isoforms, but not PKC ␦ and ⑀ (Martiny- Baron et al., 1993) . GÖ 6983 and GÖ 7874, in contrast, are potent, but unspecific inhibitors of most, if not all, PKC isoforms (Way et al., 2000) . GÖ 6976 (0.3 M) did not alter the amount of bradykinin-evoked tritium overflow from SCG neurons (Fig. 7 B, C) , whereas GÖ 6983 (Fig. 7A,C) and GÖ 7874 (Fig. 7C ) caused ϳ50% inhibition. When transmitter release was induced by the direct activation of PKCs by phorbol esters, however, all three PKC inhibitors reduced the stimulated release of radioactivity to approximately the same extent (Fig. 7C ). For comparison, electrically evoked tritium overflow was not affected by any of these PKC inhibitors (data not shown). Thus, the secretagogue action of bradykinin appears to involve only Ca 2ϩ -independent PKC isoforms, whereas that of PMA involves Ca 2ϩ -dependent as well as -independent isoforms.
DISCUSSION
Bradykinin is well known to potently excite sympathetic ganglia (Lewis and Reit, 1965; Trendelenburg, 1966) , which finally leads to the exocytotic release of sympathetic transmitters from the neurons onto effector cells (Boehm and Huck, 1997) . The excitatory action at the level of the ganglia has been suggested to be mediated by an inhibition of K M channels (Jones et al., 1995) , and the same mechanism has also been implicated in the excitation of parasympathetic neurons by this peptide (Mochidome et al., 2001) . Previously, bradykinin had been reported to inhibit I M in two neuronal cell lines, N1E-115 (Higashida and Brown, 1986) and PC12 (Villarroel, 1989) . Thus, the inhibition of K M channels appeared to be the predominant mechanism in neuronal excitation by bradykinin. In sensory neurons, however, a PKC-mediated induction of a cation conductance has been suggested to be involved in the action of the peptide. In line with the latter results, the present experiments demonstrate that bradykinin excites sympathetic neurons independently of changes in I M , through an activation of Ca 2ϩ -independent PKC. As a measure for the excitation of SCG neurons, we quantified Figure 6 . Activation of PKC isoforms in rat SCG neurons by phorbol esters and bradykinin. A, SCG cultures were either treated with bradykinin (1 M for 30 sec) or with PMA (0.1 M for 10 min) or remained untreated (control ) and were then fixed, permeabilized, and stained with antibodies directed against the indicated subtypes of PKC. The pictures show confocal fluorescence images of two to four neurons. Note differences in the distribution of immunoreactivity between cytoplasm and membranes. B, Cultures were either treated with bradykinin (1 M for 30 sec; ϩ) or remained untreated (Ϫ) and were then fixed, permeabilized, and stained with antibodies directed against the indicated subtypes of PKC. Anonymous confocal fluorescence images were evaluated for predominant cytosol or membrane staining, and the graph shows the number of single cells evaluated and the number of cells that displayed a preponderance of either cytosolic or membranous immunoreactivity. C, SCG cultures were first incubated in either U73122 or U73343 (both at 10 M for 10 min) and then stimulated with bradykinin (1 M for 30 sec) or remained unstimulated (control ) . Thereafter, the cultures were fixed, permeabilized, and stained with an antibody directed against PKC ⑀. The pictures show confocal fluorescence images of two to four neurons. D, Cultures were treated as described in C (ϩ, bradykinin; Ϫ, control). Anonymous confocal fluorescence images were evaluated for predominant cytosol or membrane staining, and the graph shows the number of single cells evaluated and the number of cells that displayed a preponderance of either cytosolic or membranous immunoreactivity. the amount of [ 3 H]noradrenaline that is released in the presence of bradykinin. This bradykinin-evoked transmitter release is abolished when action potential propagation is prevented by tetrodotoxin and is thus not mediated by presynaptic receptors, but rather by bradykinin receptors located at the somatodendritic region of the neurons (Boehm and Huck, 1997) . The receptor that mediates the secretagogue action of bradykinin is a B 2 receptor (Boehm and Huck, 1997) and is thus identical to the receptor that mediates the inhibition of I M (Jones et al., 1995) . Nevertheless, experimental procedures that abolished the inhibition of I M left the stimulation of noradrenaline release by bradykinin unaffected: this was observed for the blockade of IP 3 receptors by xestospongin C and for the depletion of intracellular Ca 2ϩ stores by thapsigargin. In accordance with previous results (Cruzblanca et al., 1998) , these data indicate that an IP 3 -dependent signaling cascade mediated the inhibition of I M . However, this signaling cascade appeared not to be involved in the stimulation of transmitter release.
Apart from inhibiting I M and from triggering noradrenaline release, bradykinin was found to stimulate phospholipase C, which led to the accumulation of IP 3 . During activation, phospholipase C also generates another second messenger, diacyglycerol, which, in turn, activates PKC (Exton, 1996) . Bradykininevoked noradrenaline release was markedly reduced in the presence of PKC inhibitors, and activation of PKC by PMA triggered release. Thus, the excitatory action of bradykinin that led to the exocytotic release of noradrenaline was mediated by PKC. However, activation of PKC did not alter I M , nor did inhibition of PKC change the inhibitory effect of bradykinin on I M . Taken together, activation of bradykinin B 2 receptors of SCG neurons initiates two signaling cascades, one that leads to the inhibition of I M via IP 3 -dependent increases in intracellular Ca 2ϩ , and another one that finally triggers transmitter release via an activation of PKC. Previously, both bradykinin and phorbol esters were found to induce transmitter release from neuroblastoma glioma hybrid cells independently of membrane depolarization (Higashida, 1988) . In SCG neurons, in contrast, the peptide as well as the PKC activator dioctanoylglycerol stimulate transmitter release in a tetrodotoxin-sensitive manner (Boehm et al., 1997; Vartian et al., 2001 ). Thus, PKC-mediated noradrenaline release from sympathetic neurons involves depolarization of neuronal somata and subsequent action potential propagation, but these effects do not rely on an inhibition of I M .
Members of the family of PKC isozymes are characterized by their sensitivity to diacylglycerol, phorbol esters, and Ca 2ϩ : classical PKC isozymes (␣, ␤I, ␤II, ␥) are Ca 2ϩ -, diacylglycerol-, and phorbol ester-sensitive, novel PKC isozymes (␦, ⑀, , ) are only diacylglycerol-and phorbol ester-sensitive, and atypical PKC (, /) isozymes are insensitive to these regulators, but activated, for instance, by free fatty acids (Way et al., 2000; Nishizuka, 2001) . The primary cultures of SCG neurons were found to express representatives of each of these groups, namely PKC ␣, ␤I, ␤II, ␦, ⑀, and , but not PKC ␥ and (PKD). To find out which of these subtypes were involved in the excitatory action of bradykinin, several types of experiments were performed. (1) Long-term treatment of sympathetic neurons with phorbol esters causes downregulation of phorbol ester-sensitive PKC isozymes (Matthies et al., 1987; Boehm et al., 1996) . Accordingly, SCG cultures treated with PMA for 24 hr were depleted of PKCs ␣, ␦, and ⑀, but not of PKC , and in these cultures bradykinin lost its secretagogue action. Hence, the effect of bradykinin was mediated by phorbol ester-sensitive PKCs. (2) Bradykinin-evoked noradrenaline release was reduced by PKC inhibitors that block all types of phorbol ester-sensitive PKCs, but not by an inhibitor that selectively blocks Ca 2ϩ -dependent PKCs. Nevertheless, all PKC inhibitors tested reduced noradrenaline release triggered by 3 H] outflow calculated as percentage of the total radioactivity (% of TA) in the cells; n ϭ 6. C summarizes the effects of GÖ 7874, GÖ 6983, and GÖ 6976 on tritium overflow induced either by bradykinin (left; 1 M for 2 min) or by PMA (right; 0.1 M for 12 min). GÖ 7874, GÖ 6983, and GÖ 6976 were applied as described above. Results obtained in the presence of these protein kinase C inhibitors are expressed as percentage of those obtained in their absence. *,**p Ͻ 0.05 and p Ͻ 0.01 for the significances of differences between the results obtained in the absence or presence of GÖ 7874, GÖ 6983, and GÖ 6976, respectively; n ϭ 11-18 for bradykinin and 6 -9 for PMA.
PMA and left electrically induced release unaltered. Hence, the above pattern of inhibition was specific for the excitation by bradykinin, which suggests that Ca 2ϩ -independent PKC isozymes were involved in this effect. (3) Finally, the activation of certain PKC isozymes by bradykinin was demonstrated directly: in sensory (Cesare et al., 1999) as well as sympathetic (Boehm et al., 1996) neurons, phorbol esters cause translocation of sensitive PKC isozymes from the cytosol into the plasma membrane, and this effect was also observed in the present immunocytochemical experiments. The redistribution of PKCs into certain cellular compartments is believed to parallel the activation of these enzymes (Newton and Johnson, 1998) . In contrast with phorbol esters, bradykinin caused translocation of only PKC ␦ and ⑀, but not of the other isozymes. Hence, the peptide can be assumed to activate only these Ca 2ϩ -insensitive PKC isoforms. In sensory neurons, for comparison, bradykinin was reported to activate exclusively PKC ⑀, but not PKC ␦ or any other isozyme (Cesare et al., 1999) .
The conclusion that bradykinin triggered transmitter release via Ca 2ϩ -independent PKC isoforms is also supported by independent results: thapsigargin, which depletes intracellular Ca 2ϩ stores (Foucart et al., 1995) , and xestospongin C, which blocks IP 3 receptors (Gafni et al., 1997) , did not alter the amount of transmitter release induced by bradykinin, although these agents must be expected to prevent bradykinin-induced increases in intracellular Ca 2ϩ . These findings also show that the two signaling cascades initiated by bradykinin, the IP 3-dependent inhibition of I M and the PKC-mediated stimulation of transmitter release are segregated from each other: the inhibition of I M did not require an activation of any PKC enzyme, and the activation of Ca 2ϩ -independent PKCs did not require an IP 3 -dependent release of Ca 2ϩ from the endoplasmic reticulum. Nevertheless, both signaling cascades had an initial component in common, the activation of phospholipase C. This was evidenced by the fact that U73122 blocked both, the inhibition of I M (Cruzblanca et al., 1998) and the translocation of PKC ⑀. Previously, the enzyme mediating the inhibition of I M by bradykinin has been shown to be a phospholipase C-␤4 (Haley et al., 2000b) , and the link between this phospholipase and B 2 bradykinin receptors are the ␣ subunits of heterotrimeric G 11 -proteins (Jones et al., 1995; Haley et al., 1998 Haley et al., , 2000a .
Apart from B 2 bradykinin receptors, sympathetic neurons express other seven transmembrane receptors linked to heterotrimeric G-proteins of the Gq family, most notably angiotensin AT 1 and muscarinic M 1 receptors (for review, see Boehm and Kubista, 2002) . Activation of these latter receptors also causes depolarization (Constanti and Brown, 1981) and subsequent transmitter release (M. Mayer and S. Boehm, unpublished observation). The sympathoexcitatory actions of these three receptors are generally believed to be mediated by an inhibition of I M (Constanti and Brown, 1981; Jones et al., 1995) , although at least two different signaling cascades are involved in the receptor-dependent modulation of these ion channels: bradykinin B 2 receptors rely on an IP 3 -dependent signaling cascade to inhibit I M , whereas muscarinic M 1 receptors do not (Cruzblanca et al., 1998 ; present results). Nevertheless, both B 2 and M 1 receptors are coupled to phospholipase C and trigger the synthesis of IP 3 and diacylglycerol (del Rio et al., 1999; present results) . Our data demonstrate that G-protein-coupled receptors linked to phospholipase C depolarize sympathetic neurons independently of changes in I M , but via the activation of Ca 2ϩ -insensitive PKC isozymes. Previously, muscarinic receptors have also been found to activate PKC in sympathetic neurons (Wakade et al., 1991; Marsh et al., 1995) , although the relevant PKC isoforms have not been identified. Hence, the signaling cascade described above may also apply for the muscarinic excitation of sympathetic neurons, and muscarinic M 1 receptors are known to mediate the slow component of ganglionic transmission (Brown, 1983) . Therefore, Ca 2ϩ -independent PKC isozymes are not only important elements in the sympathoexcitatory action of bradykinin, as shown above, but may also be involved in the physiological regulation of neuronal signaling within the autonomic nervous system.
